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INVESTIGATION OF THE FEASIBILITY OF USING LASER
INDUCED FLUORESCENCE FOR

CONCENTRATION MEASUREMENTS OF DIATOMIC SULFUR

I Introduction

Background

There 1s widespread interest in the development of efficient,

tunable, visible and ultraviolet lasers. In April 1977, S.R. Leone

3 z—
g
transition of S2° The characteristics, they stated, of this dimer's

electkronic lasing transition indicate the S

and K.G. Kosnik (Ref 1:346) reported lasing in the B3Z;'~ X

2 is capable of nondegradable
operation, is tunable over almost the entire ultraviolet and visable
regions of the spectfﬁm, is scalable, has potential for efficient operation,
and offers promise for successful pumping by other excitation schemes.

Because of this potential, S, has been the subject of several

2
investigations since Leone and Kosnik's report (Refs 2, 3, 4). In

1978, D.A. Peterson (Ref 2:1-5) achieved stable glow discharges in

pure sulfur and He-sulfur at operating temperatures between 0°C

and 250°C. Spectrum analysis of this electrical pulse produced discharge

o
indicated only S, spectra in the 2800-7000 A region. The 600°C

2
temperature used by Leone and Kosnik in order to increase 82 concentrations
by thermally dissociating 58 in the polymeric sulfur vapor, it was shown,
was not required when electrical excitation was used. Peterson's

results indicated that S8 molecules are broken directly into S2 molecules

and thus enhances the promise of a highly efficient discharge pumping

of the (B—X)S2 laser transition at much lower temperatures than
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previously thought.

To quantitatively determine the lasing potential of this electri-
cally pumped 82 discharge, or an S2 discharge p. duced by other means,
the number densities of the individual levels of interest must be
found. The rate equations can be used to determine these individual
level populations provided the total number density is known. The
population difference between upper and lower laser levels can then be
calculated and the strength of lasing determined, hence, the need
for concentration measurements to determine the total number density
of 52'
‘Several methods of determining number densities and species concen-
trations exist. Some traditional methods use material probes which
disturb the discharge's flow and have limited spatial and temporal
resolution. With the advent of the laser, several optical diagnostic
techniques have been developed which could be used to measure species
concentrations without many of the problems of traditional methods.

Of these techniques, laser induced fluorescence was selected because
fluorescence cross sections and resulting emission signals are generally
many orders of magnitude stronger than those from the spontaneous

Raman method, sensitivity is higher than that obtainable from the CARS
method, nonresonance or shifted fluorescence wavelengths can be
examined to avoid interference from laser scattering or cowpeting
mechanisms, and the fluorescence signal is linearly dependent on the

state species concentration corresponding to the particular fluorescence

transition wavelength observed (Ref 5:4).

. . r; .
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Laser induced fluorescence (LIF) is the process of pumping molecules
to higher energy levels using an excitation laser tuned through or parked
on an appropriate absorption frequency, and then observing the radiation
emitted in their decay to lower energy levels. LIF technique consists of
two methods of spectroscoplic data acquisition, excitation and fluorescence
scans (Ref 6:446).

In laser induced excitation spectroscopy the wavelength of the
excitation source is varied over a range in which the molecule or
atom being studied has one or more absorption lines. As the excitation
wavelength is scanned, the detector, which has been chosen and positioned
so thlrat fluorescence from any excited level is detected, responds

whenever an absorption line is passed. This is illustrated in Figure 1.

Schematic diagram of an excitation scan showing the potential curves
{electronic states) and some levels invoived. The delection system measures
fluorescence (downwaid arrow) from any excited level, tnis will cccur each time
the laser is tuncd 10 match the frequency 0! some absorption line (Upward ar-
rows). As the laser is tuned through the serics of absorption lines, an excitation
scan results.

Figure 1. Schematic Diagram of an
Excitation Scan. (Ref €:446)




Since the intensity of each line is proportional to the ground state

level responsible for that absorption, excitation spectra can be used to
measure populations in the ground state of the molecule. Becausé fluores-
cence occurs each time an absorption line is crossed, an excitation
spectrum reflects an absorption spectrum. The major difference between
the two is the sensitivity which can be achieved. In absorption
spectroscopy the detector 1s usually positioned on line with the exciting
beam., A drop in transmitted signal corresponds to. an absorption line.
Compared to the transmitted signal, the dip caused by absorption is small.
In LIF technique the signal is normally collected at 90° to the excitation

beam and a positive signal on an almost zero background results. For
6

this reason LIF is much more sensitive and total absorptions of 10
or less can provide easily measured signals (Ref 6:446).

In laser induced fluorescence spectroscopy, the excitation wavelength
is tuned to a particulat absorption lihe frequency so that molecules
are excited to a single upper state level. This is illustrated in Figure 2
on the next page. If the excitation source has a linewidth larger than
ﬂ the spacing between adjacent absorption lines, more than one line will be

excited, and the linewidth would limit the resolution possible. In

! : contrast to ground state populations deducible from excitation scan
intensities, excited state populations can be deduced from fluorescence
spectra because the intensity of each fluorescence line is proportional

to the number density of molecules in the excited state. In the idealistic

case where there are no collision processes which populate difference

e e ————— e -

levels, the fluorescence emitted will be only that from the single

i , excited state., This contrasts with emission spectroscopy in which
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Schomatic diagram for a fluorescence scan. Hore the laser Is sot at
20me wavelenyth SO as 10 Pt A SpOCItiC kel i B oxcited state. Fluorescont
N Snes enit’ d Oy the pumpad tuv ol Aivt 0r by 0thor lovels populated by collisions
a0 soparatud by a scanning monoctiromator,

Figure 2. Schematic Diagram of a
Fluorescence Scan. (Ref 6:447)

many upper state levels are populated and the resulting fluorescence
spectra can be very congested as shown in Figure 3 on the next page.

In most LIF experiments there is a colliding species which transfers energy
from the excited level to other levels through nonradiative processes.

In this case, other fluorescence lines appear in the spectra, but

overall it is still much less congested than emission spectra under

similar circumstances.

In LIF technique the emitted signal is often affected by nonradiative
processes. These processes complicate data analysis and collection
because they reduce fluorescence intensity and reduce decay times.
Collectively they are called quenching, and include: dissociation,

chemical reactions, energy transfer to other molecules through collisions,

and energy transfer to other internal states within the molecule of
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EUISSION SPECTRUM OF S, REGION OF (4,2) BAND

VICROWAVE D1SCHARSE SELECTIVE ExCitation
OF w'ed, N1 40, J'rd1

. w‘J by

1
t [ 3
M35 A “) 3150 A3S A (” 3150
b Lef, Emission spectrum from the B3I, ~-X3X,~ system of the S,
moiecule excited in an electrodaless discharge, in a small wavelength region.
The zero of intensiiy is at the botrom of the figure; the acparent oflsel is due to
the blending of many indivicual hnes (atove 50 of which can be distinguished)
emitted by many upper s:ata levels. Right, Tha tiuorescence spectrum in the
same regicn following excitation of the single level vV = 4§, N = 40, J = 41 ot
the B8-stata. The lires are all emitted by this fevel and are yin order of increasing
wavelength) the Ry(39), Pu(41), "Raa(d1). and MPya(43).

Figure 3. Emission and Fluorescence
Spectra. (Ref 6:447)

interest (Ref 4:9). The techniques of saturation or near saturation

laser induced fluorescence are often used to minimize the impact of

quenching processes (Ref 7, 8, 9, 10 and 11).

Objective

The objective for this thesis effort is to investigate the feasibility

of using laser induced fluorescence to measure total 82 number densities

in a laboratory environment. This represents the second investigation of

this kind, the first having been by Robbins (Ref 4). In his investigationm,

Robbins used an N2 laser to excite the (2¢4) band of the 332; - X Z;,

S2 electronic system. (The notation (2+4) has been introduced here to




AT e b e e i P Nia aea

indicate the transition from v'"'=4 to v'=2, i.e., (v%Vv"). This notation
will be used hencefore.) Because the N2 lagser available to Robbins
_(1=3371 X) was not tunable, only the (2+4) band of 82 could be excited.
Robbins performed broad band spectrum identification, fluorescence inten-
sity versus temperature and laser power, effective lifetime measurements,
and total 52 number density calculations using (2*v") band data. His
experimentally determined number densities were too large in the low
pressure region, but generally within one order of magnitude over the
pressure range examined (0.31 to 12.58 torr). Differences between the
known and calculated number densities were attributed to the complexity
of Sf’ quenching and radiation trapping, difficulties in measuring the
effective lifetime, and inadequacies in the theoretical analysis

(Ref 4:55).

In the present work, an experimental system was developed for making
concentration measurements. This versatile experimental set up incor-
porated a tunable dye laser and an autotracking frequency doubler which
permitted the operator a choice of excitation beam frequencies. Because
No ] 1.16x102N4 at an operating temperature near 600°C, many more ground
state molecules were available for excitation in this work than in
Robbins. (Note: N° represents the population'of S2 molecules in the

4
the fourth.) By making the proper choice of dye, in this case Rhodamine

ground vibrational level of the X32; lower electronic state, and N

590, the (8¢<0) and (9+0) bands of 82 were easily excited. The fluorescence
resulting from these bands was analyzed to provide measurements of
the quenching and

self absorption which occurred, and insight to the




complex S2 molecule. Effective lifetime measurements were obtained that

were consistent with theory, unlike the previous study (Ref 4:50), and

the affect of absorption was incorporated to improve the theoretical

analysis.

\ . Y " ~ 3 F
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II Theory

T. Robbins (Ref 4:11-30) provided a detailed derivation of a quanti-
tative relationship giving the total number of S2 molecules as a function
of the observed fluorescence intensity. In this section, Robbin's
treatment is modified and condensed to model the present experimental
situation. Because of absorption of the excitation beam by 82 molecules
prior to the beam's reaching the observed fluorescing volume, an absorption
analysis is added. The theoretical treatment will be presented in the
following order: (1) rate equations, (2) assumptions and approximatioms,
(3) solution to the rate equation, (4) observed fluorescence intensity

and (5) sulfur vapor composition.

Rate Equations

As stated in the introduction, the radiant power from a given fluorescence
transition, va'v" is proportional to the number of molecules in the

excited state, Nv" Although the excited state population can be found

once the proportionality constant has been calculated, determination of the

total number density, N., from the knowledge of Nv' requires a mathematical

T’

model which describes changes in level populations and energy transfers

that occur in the LIF technique experiment empioyed. Although rigorous

é models, such as the quantum mechanical density matrix approach could be
applied at this point (Ref 14:249), they are beyond the scope of this thesis.
The rate equations, which can be used for simple two-level to multilevel
models, provide the mathematical model which will be employed. To discuss
the rate equations further, the transitions and energy levels involved

in this LIF experiment need to be described.

." 9




Figure 4 shows the potential energy curves for the ground state

and three excited states of SZ‘ The B3E; - X32; transition was chosen

200
150}
3 1

E SCP)+('D)
_§ _____
BrooR- | O\ === = S(’P) + (')
5

50 —

1
1 2 3 4
Interatomic distance

S2 Potential Energy Curves, (Ref 12:186)

for investigation because it has Franck-Condon factors as high as 0.1
for many bands, making it the most prominent transition. According to
Peterson and Schlie (Ref 3:1553), the ground molecular state x%:; is
formed from two ground state atoms while the 332; state originates from
one exclted 1D sulfur atom and one ground state atom. (Interactions
between S2 potential energy cutves will be further discussed in the
results section.) Within this 332; - x32; system the (9+6) transition
was selected for total S2 concentration measurements.

Figure 5 ifllustrates the three level model employed in this analysis
where

309 = integrated Einstein B coefficient for stimulated

absorption (m3/ 2)

joules-sec

890 = integrated Einstein B coefficient for stimulated

2)

emission (m3/

joules-sec
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A96 = Einstein A coefficient for spontaneous emission

from the v'=9 to v'=6 energy level (secnl)
A91 = Einstein A coefficient for spontaneous emission
from the v'=9 to v'=1i energy levels (sec-l)

A_.. = collisional rate constant (M3/sec)

93
Df = diffusion ceefficient (sec-l)
- v =9
B gn 7 Y
Boyg B gy ZZyy  Dr Agg

Note: Enerzy level scparations’
are not drzwn to sc2le.

o o -
to be .04 A at 2850 A or 0.5 cm

e
Figure 5, Three-level Model

The rotational sub-structure of each vibrational level has not been
included because the bandwidth of the excitation laser beam available
was believed to be too large to provide the resolution needed to
selectively excite and distinguish individual rotational levels.

(The excitation beam bandwidth was measured using a Fabry-Perot etalon

Ly
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By referring to Figure 5, the change in population with time for

the v'=9 level is given by:

dN9(t)
-5 " Bongv)No(t) - Bgop(v)Ng(t) - A96N9(t) 1)

2
-ZA91N9(t) - ngng(c)nj(:) - va Ng(t)

where

No(t) = number density of molecules in the v"=0 vibrational

level (dg)

Ng(t) number density of molecules in the v'=9 vibrational

level (53)

Nj(t) colliding molecule number density for each of the
j species (m-3)
p(v) = laser energy density (jOules/m3-Hz)

Equation (1) can be simplified by letting

i A91 = A9 and § YA

i$6
where A9 represents the total spontaneous decay rate from the upper

9ij(t) = Q, (2)

level to all lower levels except the one being studied in detail, and
Q9 tepresents the total quenching or nonradiative relaxation rate.

Equation (1) now becomes

dN9(t)
—r— = BgP(IN_(£) = By p(VINy(t) (3)

-(A96+A9+Q9)N9(t) - DfVZNg(t)




et e

In modeling a system containing M different energy levels, the rate
equations are first developed for each level in the above manner. From
these a set of M coupled differential equations are formed of which
M-1 are linearly independent. The additional Mth equation:

)‘1 Ni(t) = N

Total completes the set. The populations can then in theory

be obtained by solving the coupled set of rate equations. The general
solutions of these coupled equations are at best algebraically involved
even for three-~level systems and become rapidly more complicated as more
levels are considered (Ref 14:254). To allow the use of each rate
equation individually, simplifying assumptions and approximations are
needed. This model can then be applied without solving the entire

system of equations. A discussion of these simplifications follows.

Assumptions and Approximations

If certain assumptions can be made the rate equations become easier
to apply. A most frequently valid assumption is steady state operation
in which all time derivatives are set equal to zero. The rate equations
are then solved algebraically as a system of M linear equations and
M unknowns. The steady state assumption, however, is not valid for
this experiment. When the laser pulse was turned on Ng(t) increased:
when the pulse was turned off it decreased exponentially. Because of the
dynamic behavior of Ng(t) the time dependence had to be retained in
Equation (3).

When using lasers with high spectral intensity it is sometimes
possible to saturate an absorbing transition. Saturation is the
condition in which stimulated absorption and emission completely dominate

other processes (Ref 15:77). Daily and Piepmeir have shown that under

13
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saturation conditions the observed fluorescence intensity is independent
of both quenching and laser power (Refs 10 and 11). Under near saturation
conditions, Baronavski and McDonald have shown, fluorescence intensity
versus laser power measurements will give the total quenching rate and
upper level number density (Refs 7, 8). To determine if saturation
conditions exist, fluorescence intensity versus laser power is experi-
mentally measured. In Section V the results of this measurement are
shown. A linear, straight line relationship resulted, indicating even
near saturation was not reached.

Although neither steady state or saturation conditions were exhibited,
consideration of thermal equilibrium does provide some simplification
of Equation (3). Before the laser pulse occurs, the sulfur molecules are
in thermal equilibrium near 600°C. Under these conditions the Boltzmann
equation
Ny AE
N, = exp [-(E —Ei)/KT] = exp[—if] (4)

i

can be applied to determine the relative populations Nj and Ni of any

two energy levels E, and Ei (Ref 17:18). The thermal energy KT at

3
near 600°C corresponds to an energy gap of approximately 606 cm-l, while
the energy difference AE between the X3Z; groﬁnd electronic state and

32; excited state in S, 1s roughly 3.2 x 10 cnl. Under these

the B
conditions AE>>KT, implying that almost all molecules are in the ground
electronic state. Since experimental results indicated neither
saturation or near saturation and since the laser energy density is a

small number, only a small fraction of these ground electronic state

molecules will be pumped to the v'=9 level compared to those in No(t)'

14




In addition, ngo(v)Ng(t), the stimulated emission term, will be even

smaller as it contains the product of Ng(t) and p (v), As a result,

compared to spontaneous emission and the processes of quenching, stimu-

lated emission will be negligible and can be disregarded for this analysis.
Still on the microscopic scale, molecules of the v''=0 level are in thermal

equilibrium with molecules in the other vibrational levels of the ground

electronic state. Compared to the thermal distribution, the processes of

spontaneous emission and stimulated absorption will not appreciably affect

the total population of v'"=0. Therefore, No(t) can be approximated as

a constant, No. No can be related to the total number of 82 molecules,
NT’ by the following argument. Using the earlier approximation NT=Ne"’

N,=N +N +N, +N, . .. =N2, (5)
where

Z 4= Zexp i ol T vibrational partition
function of the lower
electronic state.

The relationship, then, is

No - _T.
Zn

2

(6)

For calibration purposes, NT can be calculated from the amount of solid
sulfur placed in the sample tube and the percentage that exists as 52
at near 600°C. This is discussed more fully later in this section.

On the macroscopic scale, the gas within the sample tube will be

in overall thermal equilibrium after the temperature stabilizes near 600°C.

15




Since the tube 1s completely sealed and heated uniformly, no temperature
or pressure gradients exist within. Under these circumstances, the
diffusion term DEVZNQ(t) will be nearly zero and can be neglected.

Based on thermal equilibrium, Equation (3) can now be simplified.

2

Letting No(t) equal NO and dropping the BgoP(“)Ng(t) and DfV Ng(t)
terms yields:

ng(t)

—at " BogPOIN - (Agg + Ay HQgIN,y (£) M
or rearranging,

s ng(t)
3 + (A96 + A9 + Qg)Ng(t) = 309 p(\))No (8)

Equation (8) is a first order linear differential equation that can be

solved readily.

Solution to the Rate Equation

The mathematical solution to the rate equation must accurately
describe the real physical phenomena if it is to be valuable. As mentioned
in the discussion on approximations, two separate events occur. First,
the laser pulse is on and Ng(t) grows due to stimulated absorption from
the v''=0 level. When the pulse ceases, Bogng)No(t) vanishes because
p(v) = 0. This situation is illustrated in Figure 6, where t, represents
the laser pulse width (6-7 msec). Equation (8), then, has two solutions,
The first is valid when the laser pulse is on, during time t=0 to t=t°,
and the second after the laser pulse ends, ;ito. When the approximate

boundary conditions are used, the solution to Equation (8) becomes

16
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Figure 6. Variation of Ng(t) with Time.

Ng(t) =<

-t
TeffBogp(v)No {1 - exp [ /Teff] } , 0<t< t, 9

t
[+ -t
TeffBO9p(\))No{exPi: /Teff]- 1 } exp [ /Teff] R A to.

where

_ -1
T = (A +A9+Qg) .

eff 96

Substitution of Equation (6) into Equation (9) yields

TeffBogp(\))NT {1 - exp [-t/‘reff] } »y 0t <t (10)
Ng (t) =J 2y
T B gP(VIN % -t
ffZO9 T {exp[ /Teff] 1 }exp [ /Teff] » € >t
L v"
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Because of absorption, p(v)in Equation (10) is a function of

a(a=z- z ), see Figure 7), the distance from the inside of the sample

“:7

Figure 7. Absorption Considerations

tube's front window to the observed fluorescing volume, p(a, v). To
consider these absorption effects quantitatively, it is convenient,

at this point, to introduce the spectral irradiance, Ee(a, v), in

place of the radiant energy density p (a, v). Use of Ee(a, v) instead of

p(a, v) changes the units associated with the Einstein B coefficients

used up to now (Ref 16:2-14). The units for B change from m3 1

to m2 ] when the relationship (Ref 17)

Watt secz

joules-sech

c p(a,v) = Ee(a.v) (11)

SR NP




is introduced. Beer's law can now be used to give an expression for the

spectral irradiance at the observed fluorescing volume
E (2, V) = E (g, V) exp | -a(Wa ] (12)

where a(v) is the frequency dependent absorption coefficient. The
energy density becomes
pla, v) = Bel%0’ V) oxp ['—u(v)a] (13)
c
and Equation (10) becomes

- -t
reffBogNTEe(zo,v) exp [—c(v)a] { 1 - exp [ /Teff] } .
z .C
v

Ng(e) = O<e<e (14)

T Tt tBooNrEe (7> V) €XP ['“(“) a]
Z G

L {exp [to/‘teff] -l} exp [_t,Teff} , t > t,

2

where |B =|—2—1| and E (z , V) is the spectral irradiance
09 W sec2 e o°

i measured just inside the sample tube's front window.

Observed Fluorescence Intensity

The fluorescent power associated with the (9+6) transition scattered

i in a solid angle § can be written as

0
8.(e) = h v AggNg (&) V [ZF] (15)
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where

@f(t) = the observed fluorescence power (watts)
v = the observed transition frequency (Hz)

V = the observed volume (m3)

The observed fluorescence power can also be related to the boxcar output

in volts by the formula (Ref 4:24)

_ Q
Ifb(t) = K1®f(t) = thvA%Ng(t)v [H] (16)

where K1 is a parameter with units of volts/watts that represents the
effects of the spectrometer, PMI, and boxcar. As ¢f(t) is proportional to
Ng(t), the observed fluorescence will exhibit the same dependence as
Ng(t) does, as shown in Figure 6. Therefore the total fluorescence
signal will also be a combination of two functions, one for each
region in time.

To properly relate the boxcar output to ¢f(t), the observed fluores-
cence power, Equation (16) must be modified because the boxcar integrates

the observed fluorescence signal over the aperture time, At' The boxcar

output is then given by

A A
t t

I, - fxfbmd: - K, j’ 8¢ (e)de an

o o
The time dependence of Ng(t) requires two integrals, one for each

region of time

to At

Ifb’ Klj‘ ¢f(t)dt+ KII Qf(t)dt
[o]

o
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where At > & has been assumed, By substituting the expression for
¢f(t) and Ng(;) into Equation (18), carrying out the integration,

and combining terms, the intermediate step below is obtained

: |
r. Kl h v A96 va Toff 309 NT Ee(zo, V) exp -a(v)aJ Ct (19)
£b 2o C 4m

where

t (t -A) -A
Ct = { o/‘reff T exp [ ° ¢ /Teff] * exp[ t/Teff] }

Upon rearranging terms,

Zv" C 4w

R Np =

3 Ifb (20)
Ry B v Age V @ Togp Bog Eg(2y0 V) exp ['“(“)a] €
It might appear that the desired result has been obtained at this point;

however, realizing that

av) = No(t) o) (21)
or using Equation (6)
a(v) = Np o)
Zvn (T)

it is clear that more analysis of Equation (20) is necessary. The
transcendental Equation (20) can be written as

NT ag(v) a]
zv"(T)

N = I (22)
T 2 £b
Ry BV Age V Q1 e Byg Elzys VIC,

Zv“ (T) C 41 exp
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where Table I helow summarizes the nature of each parameter,

Table I

Summary of Parameters in Equation (22)

Determined Measured
Constants Sulfur Data from Set Up during

and Equipment Experiment
4m h A96 B09 v Q Toss Ifb
k Ki AEi v T t Ct
c zv“(T) o(v) a Egzo,v)

At

Experimental Considerations

Once the equipment is set up for an experiment, all the parameters

in Equation (22) become constant except Toff? Ee(zo, v), Ct and Ifb'

Toff and Ct vary with the amount of S, present, while Ee(zo, v) will

2

vary because the laser output varies from run to run. Based on this,

Equation (22) can be written in the more basic form

K exp NT B8

L PRCRID N
where
Z n(t) C 4m

K = —~

Kl hv A96 vV Q B09
g = O'S\)! a

Z u(T)

are constants that combine the effects of all other parameters. If

22




Equation (23) is written as
K exp [NT(n—l) B]

TfoEe(zo’v )Ct

NT(n) = I (24)

fb

then repeated iterations until NT(n) - NT(n-1)< € , where € is some
acceptable deviation, will give the desired result. The process of
iterating using Equation (24) will give the total S2 number density as
a function of observed fluorescence power for the (9+6) transition,
based on the assumptions made in this analysis. If a precalibrated

sample cell with a known S, number density, NT,is available Equation (24)

2

can be solved for K by measuring Teff’ Ee(zo’ v), Ct and I This

fb*

K value could then be used to determine NT under other conditions by

measuring the fluorescence intensity in addition to ToEE? Ee(zo’ v)

and Ct' When precalibrated cells are not available, NT can be calculated

from the amount of solid sulfur placed in the sample tube. Before this

can be done, the percentage of S, which exists under the operating

2

conditions of the experiment must be known. The calculated value of
NT can then be used to determine K and other number densities as

described above.

Sulfur Vapor Composition (Ref 18:125-160)

The molecular composition of sulfur is complex and often not under-
stood, especially while In the vapor phase. In this phase sulfur is
known to exist as 58’ S7, 86, SS’ 54, S3 and S2 molecules, the concen-
tration of each depending on the temperature and pressure. At room tempera-
tures, sulfur exists as an orthorhombic solid. It melts into a low

viscosity, yellow liquid consisting primarily of S8 molecular rings at

23




about 113°C and shows no other characteristic behavior up to about

159°C. At this transition temperature, it is believed, the S8 rings begin
to break up and form 88 chains or polymers causing the observed sudden
increase in viscosity. Temperatures above 160°C thermally dissociate

the SB chains through different polymers until S2 becomes a dominate
percentage of the sulfur vapor at near 600°C. Low pressures must be

used to completely vaporize solid sulfur for operating temperatures

below the 445°C boiling point. Figure 8 below gives a plot of total

sulfur vapor pressure versus temperature.

A
b
- w t
Total
Vapor
Pressure 3
(torr)
10 -
Ol
107t
10?2}
‘0'3 L
10'4 L
© = Boilirg Point = LhSSC
10’5 3
A = Melting Point = 113°C
106
10'7 ] e A i i Y
10 25 S0 100 250 500
Tenporature (°C)
*—

Figure 8, Sulfur Vapor Pressure versus
Temperature (from Ref 19:4-~300)
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In determining the reference concentration of S2 for calibration of
a sample cell, the S2 number density can be calculated from the amount
of soild sulfur placed within the sample tube. In converting from grams
of sulfur to molecules of 52 there is still some uncertainty in the
percentage of 82 existing near 600°C. Researchers have reported that over
982 is 82 near this temperature (Ref 20:822). Other sulfur molecular

species can be ignored if this percentage is accepted and the overall

chemical equilibrium equation approximated by
S2 (.S)S2 (25)

From ‘this equation theoretical S2 number densities can be calculated
based on the sulfur sample's weight in grams.

In contrast to this result, Braune, Peter and Neveling experimentally
determined that approximately 78% of the sulfur vapor exists as 82
near 600°C and have reported spectroscopic evidence of other molecular
species at this temperature (Refs 21:33-37 and 12:149-150). If Braune's

data is used to mwodify Equation (25) the new equilibrium equation can

be written

s 2 (.337)82 + (.065)54 + (.010)86 + (.oooa)ss (26)
based on measurements made at a total pressure = 92.5 torr (Ref 16:30). As
measurements taken in the present experiment used pressures of 12.58 torr
or less and since molecular proportions in Equation (26) are pressure
dependent, the theoretical conversion of Equation (25) was used to
calculate total S, number densities used as a standard reference

2

throughout the results section.
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II1 Experimental Apparatus

The equipment used in this experiment is described below under
the subheadings of: (1) sample chamber, (2) excitation source, (3) optical
system and (4) electronics. The experimental set up for the various

experiments performed is illustrated in Figure 9 on the following page.

Sample Chamber

The oven and the sulfur tubes described below were the same as
those used by T. Robbins (Ref 4:31). The three sample tubes, fabricated
in the laboratory, were constructed from quartz tubing and windows, and
were évacuated to approximately 10_7 torr. After known amounts of solid
sulfur were measured and placed in the evacuated tubes they were sealed
off. The amounts of the 98% pure Eagle-Picher of Oklahoma sulfur were
controlled to insure desired pressures at operating temperatures.
The pressures used to characterize each sample tube were calculated
at 590°C., The locally fabricated oven was constructed out of sheet metal
and lined with fiberfax insulation, was 22 cm Qide, 45 cm long, and
28 cm tall. It was heated electronically with nichrome wire filaments
strung in four loops along the inside walls. Temperature inside the
oven was regulated by a Fenwal Model 199 digitai temperature gauge and
Type K thermocouple. One and three quarter inch diameter (38mm)
Amersil-Supersil circular quartz windows on each end of the oven permitted
the ultraviolet laser beam to pass through. A one and one-half inch
(32mm) diameter circular quartz window on one side of the oven allowed
sampling of the fluorescence signal, The quartz windows were necessary

for high temperature operation and maximum transmission of the ultraviolet

26
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laser beam, Sample tubes were placed inside the oven through an opening
in the top and rested on a "v'" shaped cradle. The cradle was oriented
such that the axis of the sample tube very nearly coincided with that

of the ultraviolet beam. In addition to the temperature regulator, an

Omega Engineering Model 199 K Chromel Alumel provides continuous

digital temperature readings.

Excitation Source

A Quanta Ray Nd:YAG laser Model DCR-2A-10 Head diffraction centered
resonator (DCR) operating at 10 pps produced the fundamental 1.06 micron
infrered beam which was frequency doubled, using Quanta Ray type II
second harmonic generating crystals (SHG), to 532 nm. A Quanta Ray
HG-2 temperature controller maintained the SHG in proper alignment after
initial optimization of the 532 nm beam. Both the fundamental and second
harmonic beams then passed into the prism harmonic separator (PHS)
in which the 1,06 micron beam was directed into a beam dump. The
532 nm beam passed through the PHS and was used to pump the Quanta
Ray Model PDL-1 tunable pulsed dye laser (PDL). The Rhodamine 590
molecular dye concentrations used in the PDL were optimized for a dye
laser beam of 560 nm or 280 nm after a second frequency doubling.

Energies for the DCR oscillator and amplifier flashlamps of 60
joules were generally used. In Q-switched mode the frequency doubled
laser pulse duration was 5 or 6 nsec. Because of the limited spectral
response of the ScienTech Model 3600 detector available and the
unavailability of a calibrated detector with a response in the ultra-
violet region, absolute power measurements were not performed on the

UV beam,




e b

The variable Q-switch sync pulse out of the DCR was used for trigger-
ing the detectiqn device/devices being used. Jitter between the variable
Q-switch sync pulse and the actual Q-switch was specified .25 nsec or
less, The laser linewidth of the dye laser beam determined from
measurements taken using a Fabry-Perot etalon was 0.5 cm—l. For most
applications the PDL grating was used in fifth order. A reversible
stepping motor with gear train was used to drive the dye laser grating
at various speeds. An Inrad Model 5-12 autotracker was used to frequency
double the green-yellow dye beam from the pulsed dye laser while the
grating of the PDL scans over wavelengths of interest., The dye laser
beam Was turned and then aligned to the autotracker using three 90°

prisms mounted on adjustable bases.

Optical System

After the pulsed dye laser beam was doubled by the autotracker the
ultraviolet portion was directed to the input window of the oven by a
quartz turning prism, a Pellin-Broca prism, and an aluminum mirror. The
dispersion of the Pellin-Broca was used to separate and direct the
visible portion of the dye laser beam, which could not be doubled by
the autotracker, into a beam dump. This method of separating the
fundamental dye beam from the harmonic dye beam provided greater
intensities than using a filter to absorb the visible light, Since
the ultraviolet beam had a clean profile an aperture was not needed to
limit its size. To monitor the ultraviolet beam power, a pelicle was

often placed between the Pellin-Broca prism and the aluminum mirror

to pick off a small constant fraction of the UV beam and direct it




to a vacuum photo diode or other detector whose output was used to

»

monitor or normalize the collected signal.

For excitation scans, the monitoring detector was an RCA 8850
1 photomultiplier tube. Since this PMT had the same spectral response
as the RCA 8850 used to detect the fluorescence signal, its trace was
used to normalize the detector spectral response out of the signal.
For fluorescence scans an ITT F4000 model Vacuum Photodiode with an

o o
S-1 cathode with a spectral response ranging from 2000 A to 10,000 A

was the UV monitoring detector.

The fluorescence signal was collected at right angles to the laser
beaw' in the tube by a 9 cm diameter circular lens with a 20 cm focal
length. This signal was focused into the entrance slit of a Jarrell-Ash Model

82-000 half-meter Ebert scanning spectrometer. This spectrometer

contains a 52 mm by 52 mm grating ruled at 30,000 groves per inch

o
(approximately 1180 groves per millimeter) and blazed for 4000 A

g e

in the first order. The plate factor or reciprocal linear dispersion
at the exit slit is 16 X per millimeter under these conditions. After
passing through the spectrometer, a 14 stage linear dynode chain Emi-
Tronics (EMI) Model 9816B PMT with an S-20 spectral response was used
as the detector.

For excitation scans the spectrometer was not used. A first surface
aluminum mirror, reflected the fluorescence signal converging toward the
i spectrometer onto a slit attached to the RCA 8850 detection PMT
‘ housing. The mirror was positioned such that the distance from the

observed fluorescing volume to the spectrometer slit and that to the

S slit of the RCA PMT were the same to within + .5". Care was taken that

il
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Electronics

the mirror did not become the aperture stop of the detection optical
system. The RCA 8850 PMI has twelve dynode stages and an RCA 116
spectral response. The peak response is as with the EMI PMT at 4000 X
with a quantum efficiency of approximately 30% at that wavelength.

Both PMTs were operated at 2000 volts.

The signals from the detector PMT and the UV monitor were averaged
by means of a pair of PAR 160 boxcar integrators. As shown in Figure 11,
the triggering of the boxcars occurs approximately 280 nsec prior to the
UV monitor and fluorescence detection signals reach the boxcars cir-
cuitr;. This is possible because of a variable Q-switch sync pulse
from the Quanta Ray DCR. A Tektronix Model 7104 oscilloscope was used
to check the jitter between the Q-switch sync pulse of the DCR, which
has a specified jitter of less than .25 nsec, and the variable Q-switch
sync pulse. No significant jitter between the two was observed.

Output from the boxcars was recorded on a Hewlett-Packard Model

7132 A chart recorder. Special events were marked by applying a brief

voltage to the UV monitor's chart recorder pen.

32




DCR Q.S. Sync 4&
‘ Pulse
i 100 —
] nsec
DCR Variable Q.S.
Sync Pulse
L"—180 nsec —¥|
Signal from V.P./ #
j gna
[ Monitor PMT
!
i
Signal from jﬂ
Detector PMT
ﬂ- Boxcar Internal - {'FF
Gate
*S
[&———270 nsec —»|De g?
Boxcar Outupt 0'{"1_-'"1"
Gate !
-430 e
Fsec
[ ]

* % of Time Base

Figure 11. Triggering Scheme

e m——— e ai—

—_— e

33

[




IV Procedure

In this section, the experimental method is described in detail
and the idiosyncrasies of the technique briefly explained. The sub-
headings are (1) excitation scans, (2) broad band fluorescence spectra,
(3) fluorescence intensity measurements, (4) fluorescence lifetime

measurements, (5) self absorption and (6) concentration measurements.

Excitation Scans

During an excitation scan, the excitation wavelength from the PDL

changes. As a result, the phase matching direction of the doubling

crystal continuously changes, and constant retuning is required throughout

the scan. Attempts were made to retune the crystals by monitoring the
strength of a split portion of the beam with the Tektronix 7104
oscilloscope and manually adjusting the phase matching micrometer on
the crystal's turret. This method proved insufficient because the
phase matching direction changed faster than the crystal could be
manually retuned. Time constraints and PDL grating motor drive speeds
available prevented slowing down the process. To remedy this situation
an Inrad autotracker was employed which could detect wavelength changes
in the incident beam and then properly align the crystals before a
significant drop in output beam intensity occurred.

The change in excitation beam wavelength referred to above, is

produced by the grating drive motor turning the grating of the PDL. Since

the distribution of fluorescence intensity with wavelength of the Rhoda-
mine 590 dye changes considerably over the wavelength region scanned,

the excitation beam irradiance changes. To account for these changes
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in the dye laser's irradiance with wavelength, or spectral irradiance,

a beam splitter was used to direct a small portion of the excitation
beam to a monitoring detector. Since the monitoring RCA 8850 PMT

was identical to the RCA 8850 PMT used to detect the fluorescence signal,
the trace on the chart recorder from the monitoring PMT output could

be used to normalize out laser power dependence.

Another consequence of the change in excitation beam wavelength
during an excitation scan was peculiar to the experimental set up used.
Since the dispersion from the Pellin-Broca prism changed with the
incident beam's wavelength, "beam walking" of the primary excitation
beam and the portion split off for monitoring was observed. Figure 12
illustrates this beam walking.

Although using a filter which could absorb the visible beam would
have eliminated the beam walking, it would have reduced the UV beam

irradiance considerably more than the Pellin-Broca. This would have
decreased the possibility of saturating the transitions being inves-

tigated.

To compensate for the monitor's beam walking, a spherical first
surface aluminum mirror reflected and focused the relatively low intensity
ultraviolet light onto a neutral density placed in front of the PMT's
slit. The slit was opened to approximately 2.5 mm while the spot
diameter of the focused beam at the neutral density filter as checked
using a fluorescence card was less than 1 mm, Although the beam was
incident upon the spherical mirror at slightly different angles during a

gcan, the focused spot showed no perceptible movement.
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Figure 12, Beam Walking

Beam walking of the excitation beam was minimized by reducing the
distance from the Pellin-Braca prism to the observed fluorescence volume,
While this did not eliminate it, the same "walking" occurred for each
run so the error caused was systematic, At the fluorescing volume the

beam diameter measured using a fluorescence card was 5 mm. The total

o
travel of the walking beam during a scan from 2890 to 2810 A was 4 um,
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Prior to a set of scans, the aluminum mirror which directed the beam
into the oven was aligned such that the center of the 5 mm beam at the
fluorescence volume was pierced, by the beam of an HeNe laser back-
lighting the spectrometer through the collection optics, when the PDL was
set at mid-scan wavelength. This assured maximum exposure of the ob-
served fluorescence volume to the excitation beam as it walked. No
beam intensity profiles of excitation beam were made.

Excitation scans were taken at 590° # 5°C for each of the three

o
pressures (i.e., sample tubes) available, and ranged from 2890.0 A

to 2810.0 K. The RCA 8850 fluorescence detecting PMT was operated at
2000 .volts with a slit width of 11.5 microns while the monitoring RCA
8850 PMT was operated at 900 V and had 2.5 mm slits. A filter was
secured to the front of the detection PMT to prevent the green-yellow,
scattered and reflected, dye laser light from causing strong background

noise.

Broad Band Fluorescence Spectra

Since changing sample tubes (i.e., pressures) required approximately

one and one-half hours cooling and heating time, fluorescence scans

followed each excitation scan. The excitation wavelength was parked at

the wavelength corresponding to the maximum excitation scan fluorescence

B 1 et ol

signal. Since there were two separate vibrational bands being excited

over the range of the excitation scans, two maxima occurred, and two
fluoregscence scans were taken at each pressure. One scan was of fluores-
cence from the v'=8 level and the other from the v'=9,

After setting the appropriate excitation beam wavelength using

o o °
the PDL, the monochrometer was scanned from 5300 A to 2800 A at 50 A/min.
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For pressures of 3.47 and 12.58 torr the monochrometer slits were set
at 504, while because of the weaker fluorescence signal 350 slits were
used with 0.31 torr. (Slit widths were not varied during fluorescence
intensity measurements but were allowed to vary during scans because
of the improved resolution which resulted in the 3.47 and 12,58 torr
spectra.) Since the EMI Model 9816 B PMT with S-20 spectral response had
the proper mount for maring with the Jerrel Ash half meter monochrometer,
it was used for fluorescence scans, As another PMT with S-20 response was
not available (and was not as critical as with excitation scans), either
the RCA 8850 PMT or an ITT Model F4000 vacuum photodiode were used for
monitoring the laser power. The spherical mirror set up was not normally
used‘during fluorescence scans because beam walking did not occur. The
monochrometer scanned the fluorescence signal but the excitation beam
wavelength was static. Since the monochrometer separated out most of the
extraneous light, a filter was not placed in front of the detection PMT
during fluorescence scans as it was for excitation scans.

The monochrometer was calibrated using a mercury lamp prior to the
fluorescence scans. Although the slit widths were not the same as
those used in the fluorescence scans, the calibration was sufficient to
permit identification of the various peaks observed by comparing values
with tables in Peterson and Schlie's work (Ref 3:1559-1561). A
qualitative comparison of the individual peak's intensity with Franck-

Condon factors was also made.

Fluorescence Intensity Measurements

After identifying the 52 spectra, prominent lines were selected for

o o
further study. The (8*4) at 3114 A and the (9+6) at 3215 A transitions
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were among the strongest in intensity, taking the spectrometer's blaze

LR

wavelength (4000 X) and the EMI PMT spectral response into account.
Having zeroed in on these two prominent peaks, further measurements
were made. The spectrometer was set to the appropriate wavelength and
once again, as with the excitation scans, the excitation wavelength
scanned over the vibrational absorption band (2890 - 2850 X for the
(8+4) peak and 2850 - 2810 X for the (9+6) peak). Since time did not
permit further investigation of both fluorescence transitions, the (976)
line was selected for detailed study and the excitation wavelength
parked at the value corresponding to maximum (976) fluorescence.

JFor fluorescence intensity versus laser power measurements the
(9+6) transition was optimized using all parameters except laser power.
Then, using the flash lamp potentiometer dial on the laser head of the
DCR, the laser power was varied over the available range. Although,
saturation is not a function of number demsity this procedure was
completed for each tube. Because the optimized fluorescence peak

had moderate intensity fluctuations, the high resolution time constant

, of the detector's boxcar was increased and the chart recorder ran for

approximately two minutes at each power after sufficient time was allowed

for the slower boxcar output to fully respond. An average value and an

estimate of the noise was taken for each sampled power. After the

fluorescence scans, the monochrometer slits were maintained at 250u.
Although smaller slits could have been used (and were for the fluorescence
scans) for 3.47 and 12.58 torr pressures, the fluorescence from the 0.31 torr

tube was too weak to be detected when more narrow slits were used.

Y
o e e s o
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Fluorescence intensity versus temperature measurements of the (9+6)
transition were made by gradually heating the oven from room temperature
to near 600°C, while stopping to take intensity measurements at a
variety of temperatures above 250°C, The Fenwal Model 199 temperature
regulator allowed temperatures to oscillate + 8°C from the set value,
Sufficient time for the temperature to stabilize and the effects of
quartz's thermal inertia to be neglected was allowed at each value
selected, Four measurements were obtained using the 3.47 torr tube.

A singlg fluorescence intensity versus pressure measurement trial
invoived three separate intensity measurements, In a single intensity
measurement, one of the sample tubes was heated to 590°C without stopping at
intermediate temperatures. After the temperature stabilized at 590°C,
the (9+6) transition fluorescence intensity was measured. The oven was
then allowed to cool so one of the remaining two tubes could be heated
and another'intensity measurement taken. Seven fluorescence intensity
versus pressure measurement trials were accomplished so an estimate of
the random error could be made. Sometimes fluorescence intensity versus
pressure measurements were taken concurrently with fluorescence intensity
versus laser power measurements. This proved to be a more efficient use
of time. Incorporating a fluorescence versus temperature measurement
would have taken longer and it would have been difficult to insure the
same laser power from pressurc to pressure.

All fluorescence intensity versus pressure measurements were made
using the same parameters from sample tube to sample tube for a given

single trial but not necessarily from measurement trial to measurement

trial, Parameters which were allowed to vary from trial to trial were




. laser power (because of the tendency of the dye to weaken), input
sensitivities, and neutral density filters, These should not have
effected the intensity versus pressure relationship.

As described in Section II, absorption is a function of number
density, therefore its Influence was greater for higher pressure tubes.

In an effort to reduce spectral absorption effects the observation volume

was kept as close as possible to the front window of the sample tube.

Fluorescence Lifetime Measurements

(9+-6) S2 fluorescence lifetime measurements at specific temperatures ]

and pressures were made directly from the osclilloscope display using

the Tektronix camera. Usually ten single sweeps were exposed on a single
photograph to provide an average profile. The effective lifetime of this
transition's fluorescence was obtained by measuring the time required

for the observed fluorescence signal to drop to l/e of the value displayed

the instant the laser pulse ended. Effective lifetime measurements

were then used to determine the radiative lifetime and the quenching rate

constant using a Stern-Volmer plot.

Self Absorption

As with fluorescence intensity versus temperature, measurements

were made at various temperatures after sufficient time had been allowed
for temperatures to stabllize, Spectrometer scans were then made

from 3300 g to 2800 g showing the (9+6) through (9+1) transitions, The

———

relative iIntensities of the (9+6) through (9+1) fluorescence bands as

a function of temperature was determined in order to see if self absorption

was evident. In doing so all the band intensities were normalized to




that of the (3+6) band, which was expected to be least affected by

self absorption in view of the negligible thermal population in v'"=6,

Concentration Measurements

Concentration measurements were essentially fluorescence intensity
versus pressure measurements in which the excitation beam's absolute power
is known. Measurements of the ultraviolet excitation beam were made
with a Scientech Model 362 power/energy meter and a Model 3600 detector

and the ITT F4000 vacuum photodiode. No response was obtained from the

Scientech power meter to the 2830.7 2 excitation beam so an attempt

to calibrate the vacuum photodiode was made.
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V Results and Discussion

The experimental results are presented in this section. The data
and analyses are discussed under the subheadings of (1) excitation spectra,
(2) broad band fluorescence spectra, (3) fluorescence intensity measure-
ments, (4) fluorescence lifetime measurements, (5) self absorption and

(6) concentration measurements.

Excitation Spectra

Initial excitation spectra were taken for each of the three pressures
available with the fluorescing volume near tube center. These spectra
are ghown in Figures 13 through 15 on pages 44 through 46. After
modifying the set up to reduce the affect of spectral absorption, excitation
spectra were once again taken for each pressure. These are presented
in Figures 16 through 18 on pages 47 through 49,

Although the detector PMT slit was 1154 for the initial excitation
scans and 11.5y for the later arrangement, no other parameter of conse-
quence varied significantly (initial scan temperature was 590°C while
in later scans the oven reached only 585°C because of the new window

position). Both sets of scans clearly show two absorption bands, one

(8+0) and the other from (9<0). Generally the (8+0) band showed a
broader intensity distribution while the (9«0) showed a more narrow
intensity distribution. Reproducibility runs of these spectra showed

that the structure on the large bands is real and not noise. Each

partially resolved peak results from a rotational level being excited.

The intensity displayed by each peak 1s theoretically related to the

rotational levels population. With improved laser power normalization,
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quantitatiye measurements from spectra such as these could be made.

Broad Band Fluorescence Spectra

The broad band fluorescence spectra from the eighth vibrational level
of the upper electronic state B3Z; is shown in Figures 19 through 21
on pages 55 through 57. The transitions include those to the ground
electronic vibrational levels (8-+0) through (8+24). Table II on page 52
summarizes the important data from these spectra. The relative inten-
sity of each line, after the convolution of the monochrometer's spectral
response and detector response are considered, is related to the Franck-

Condon factor for the transition through the equation (Ref 20:821 and

13:200):
4 4
64T Vv = .2
IV'V" = ———— (Re) Nv.qv'v.. 27)
2
3c
where

I , . = the observed fluorescence intemnsity

the average electronic transition moment

b
o
i

N , = the excited state population

Qrygn = the Franck-Condon factor for the v'-v" tramsition

Equation (27) neglects rotational effects which would have to be included
under a more detailed analysis. NJ,v’ from Equation (28) below (Ref 13:123-125),
can replace Nv' in a first order approximation to such an analysis. With
this substitution, changes produced by the rotational distribution could

be estimated.
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Niv = Ve z, °*P Cvlgg? MR AN Y (28
Vibrational Rotational
Distribution Distribution

where
NJ,v = the number of molecules in a particular rotational-vibrational
state
Ne = total number density for a given electronic state
gv = yibrational degeneracy (gv=1 for a diatomic molecule)
Zv = yibrational partition function

* The broad spectra from the ninth vibrational level of the upper
electronic state 332; is shown in Figures 22 through 24 on pages 58
through 60. The transitions include those to the ground electronic
vibrational levels v"=0 through v''=25. Table III on page 53 summarizes the
important data from these spectra. As with the broad band spectra
from v'=8, more structure was observed on the highest pressure (12.58 torr)
tube spectrum than on the lower pressures. By contrasting Figures 19
and 20 to Figure 21, and Figures 22 and 23 to Figure 24; the extra

structure on and near each (v'+v") line, especially those above

o
3500 A or v'"=9 of the highest pressure (12.58 torr) tube, becomes apparent.

It should be noted that, as stated in the procedures section, prior

to each fluorescence scan the excitation wavelength was tuned approximately
to, and left on, the wavelength corresponding to maximum fluorescence
from any level. Since these maxima varied slightly from pressure to

pressure the fluorescence spectra from v'=8 and v'=9 were not all

’
— e e i e ———_— - —— e

excited at exactly the same frequency. Table IW1lists the pressures and

[
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Table II

Data from v'=8 Broad Spectrum

Actual

Wavelength (A)

(Ref 14)

(o]

Franck-Condon
Factor q ,
(Ref 14Y ¥

Observed

o

Wavelength (A)

O 0 N O B B w N = O

NN N RN KN e b b e e e b
& W N M O W O N O Wn S W N = O

2860.1
2920.4
2982.7
3047.3
3114.1
3183.2
3255.0
3329.3
3406.5
3886.6
3569.8
3656.3
3746.4
3840.1
3937.7
4039.5
4145.7
4256.7
4372.6
4493.9
4621.0
4754.2
4893.9
5040.8
5195.2

.043
.072
.004
.038
.051
<.001
.044
.038
.001
.044
.025
.003
.046
.024
.002
.039
.028
<.001
.029
.047
.009
.006
.042
.046
.013

2855.0
2915.0
2979.0
3043.0
3109.0

3251.0
3325.0
3402.0
3483.0
3566.0
3654.0
3743.6
3838.0
3936.6
4037.8
4144.0

4371.8
4493.2
4619.0
4753.0
4893.2
5041.0
5195.0

Fluorescence scan

from 3.47 torr tube was used.
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Table III

Data from v'=9 Broad Spectrum

—p

o il | o ——— s e~ <

Actual Franck-Condon Observed o
v'=9+y'"= Wavelength €9 Factor q . u Wavelength (A)
(Ref 14) (Ref 14
0 2828.9 .083 2825.0
1 2887.9 .070 2885.0
2 2948.8 .001 2947.0
3 3011.9 .058 3008.7
4 3077.1 .023 3073.7
5 3144.6 .015 3142.1
6 3214.6 .053 3210.1
. 7 3287.1 .002 3285.1
8 3362.3 .035 3359.1
9 3440.3 .040 3437.2
10 3521.3 <,001
11 3605.5 .039 3602.6
12 3693.0 .023 3690.2
13 3784.0 .004 3781.2
14 3878.8 .043 3875.3
15 3977.5 .019 3975.3
16 4080.5 .004 4079.3
17 4187.9 .038 4£185.3
18 4300.1 .026 4298.4
19 4417.3 .001
20 4540.1 .032 4539.4
21 4668.6 . 040 4675.5
22 4803.3 .005 4801.5
23 4944.7 .011 4943.5
24 5093.2 .042 5091.6
25 5249,3 .036 5255.6

Fluorescence scan from 3.47 torr tube was used.
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the excitation wavelength ugsed for bqth the v'=8 and v'=9 fluorescence

scans.

Table IV Excitation Scan Data

Pressure Excitationowavelength
(torr) A)
v'=8 v'=9
0.31 2863.10 2830.44
3.47 2860.72 2829.02 1
12.58 2864.08 2831,48

*
It should be also noted that, although the excitation wavelength was not
exactly the same for each pressure, there was additional structure on

both the v'=8 and v'=9 spectra. This would tend to indicate the

structure was due to the higher pressures and not to different excita-

tion wavelengths.

Various explanations for this were proposed. First, it was thought
that cross relaxation within the B3Z; upper electronic state were
occurring, but comparisons of structure wavelength with Table III-V
in Peterson and Schlie's work (Ref 3:1559-1561), did not show any corres-
pondence. A second possibility is that cross relaxation between two
different rotational levels within a single vibrational band was
occurring. Yet another possible explanation is induced predissociation
described by Calvert and Pitts (Ref 12:185-189). This induced pre-
dissociation is the result of interactions between the 12; and 332;

electronic states which are allowed to occur at higher pressures.
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Fluorescence Intensity M.asurements

The excitation spectra for (9*8) and (874) bands are shown in
Figures 25 and 26, respectively. They indicate the wavelength corres-
ponding to maximum fluorescence intensity for (87%%) is 2861.4 X and for
(9-+6) is 2830.6 X. These correspond closely to the excitation wave-
lengths used for the fluorescence scans which were used to pick these
two transitions because of their prominence.

Fluorescence intensity versus laser power measurements shown in
Figure 27 on pages 63 and 64 exhibit the linear relationship referred
to in the theory. It is evident from this plot that even partial
satuzation of the (9+6) transition did not occur at the laser power used
for concentration measurements or for the higher laser powers available.
The decision not to use the saturation approximations in solving the
rate equations for Ng(t) was made on the basis of this result.

Fluorescence intensity versus temperature measurements for the (96)
transition are shown in Figure 28 on page 65. The first signs of 82
occur between 200 and 250°C, instead of the 350-400°C reported in prior
research. As shown in Figure 29 on page 65, in an equilibrium composition

of sulfur vapor, S, starts to form near 240°C, and reaches 1% concentra-

2

tions near 350°C. The results of the present work, as shown in Figure

28, indicates a more rapid increase in S2 formation which is consistent
with Robbin's earlier work (Ref 4:46). The observed fluorescence intensity
had already passed its peak at 410°C and dropped to approximately

80% of that peak at 450°C, where, according to Figure 29, the equilibrium

composition of S, is 3% of the sulfur vapor. The accelerated S, formation

2 2

observed may have been due to the lower pressure used in this research,

3.47 torr. Near 450°C, the partial pressure of 82 for this tube was

61




un130adg uLTIBITIXT (9+6)

‘gz 2an81y

unaidadg UoT1IRITOXRA (H+8)

gn .
il :
1 XTI L .lv, fﬁ [REER
- N 1. A; . L
ny TN T H
. &. Ll RN ;;MAZ
.v.flr,“, . . T . o - ﬁ . .13% - vI mﬁ
- I WY I . “um ;
L i AT 1 ‘f nnm. .
. A 1T RREER
ANENE TTTH-HE T _ a
LA
— AE; .4, T
L] w 0 I W I O
Ty il ISRNRRE 1l RN
L,T e INRRREE ! 1 ] M ]
-+ 14. 0 T - . ﬁ .

N
P

b —s

Y
B ettt o

T
P R —

e ————— - ———

.

i




TUBE # 2

(-

e+ TuBE#1]

—

, — ey
DR S
Rl Fovrd s el et

e
11
‘

B R R IR
T e e
. i R

SLINN AYVYLIGYY NI TYNOIS  JONIOSIHONTA

O M N M & N VW N O O

1A

A
11

T

[=]

LASER POWER IN ARBITRARY UNITS

"=6 Fluorescence Int.nsity vs Laser Power

v

v'=9

Figure 27.

63

e Mt e e p——— -




£l
[A

1T
. 0T

e # 3

—ab

O T O 0 W
KAN_NKRIERE

SLINM AYVHLIGYY NI TwNOIS 3ION3ISTYONT

LASER POWER IN ARBITRARY UNITS

v'=9, v"=6 Fluorescence Intensity vs Laser Power

Figure 27,

64




14 F
13 ; " »
5 12 .- +
7)) 3
§ @ 11 i .
O 218} +
= 5
(/2] g t
> +
§ X o f »
W E 2} *
O m ¥
g e 8 F +
g ac +
] =z
RS *
3 3
2 ¢ .
1 ¢
N S S . s .
208 258 32e 353 402 458 508 558
TEMPERATURE IN DEGREES C
3
Figure 28. (9+6) Fluorescence Intensity vs Temperature
Z
e
-
(%
<
[+
'S
w
-l
(=}
-
1 1 1 1
350 400 4350 500 . 550 600 650 700
oK
L
Figure 29. Concentrations of Various Species in Saturated

Vapor for Room Temperature to Boiling Point of
Sulfur (Ref 18:149)

AR s e

A rea—a—

At AP S <~ AT

o AT e e A e




approximately .09 torr using .03 mole fraction of 82 shown in Figure 29,
Four possible mechanisms which might cause the decrease in

intensity with temperatures above 410°C were described by Robbins

(Ref 4:45-47) and could apply here, These are discussed below, Firsc

as will be shown later in this section, the quenching rate 09 may be

increasing due to increasing pressure. At a constant temperature,

quenching can be approximated by the equation
~qP
Qg = 9, (29)

where q. is the quenching rate constant and P the pressure, As the
presSure increases, depopulation of the v'=9 excited level through
nonradiative means reduces the observed fluorescence. Another mechanism
is the pressure dependence of sulfur vapor molecular conc.ntrations,

The concentration of each sulfur molecule (88, S7, 56’ etc.) depends on
both temperature and pressure. Where Figure 29 may describe the variation
of the mole fractions of sulfur molecules at one pressure it does not
necessarily describe the variation at a different pressure. In the
present case, since the intemnsity is decreasing, 82 molecules may be
recombining to form different molecules, thereby decreasing the S2
concentration. Self absorption of the fluorescent radiation is the

third process that may contribute to reduction in intensity with higher
temperatures. In this process a photon emitted is immediately reabsorbed
by a neighboring like molecule or species which has a matching absorption
wavelength. The probability of this happening increases as the number

density increases. Furthermore, the reabsorbed radiation may be

re-emitted in a different direction and/or at a different wavelength,




, As a re$ult, the fluQrescence intensity at the original wayelength may
decrease as self absorption increases. However, since the terminal
6 state in the (9+6) transition, v'"=6 is approximately 4300 cm'"-1 above

{ the ground vibraticnal state, the fractional population of the v''=

it

state is negligible even at 600°C. Thus, this effect can be neglected
as the responsible mechanism. The fourth mechanism is the thermal
distribution of the rotational levels, As shown in Figure 30 below

the population of an individual vibratirnal-rotational level N v is greatly

J,
. influenced by the temperature, If, as the temperature increases, there
are fewer molecules populating the ro-vibrational levels which are

within the bandwidth of the excitation beam, the fluorescence observed

will decrease. (9+6) fluorescence peak scans versus temperature might

verify this.
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The gseven flugrescence intensity versus pressure measurements are
listed in the tahle on the next page, The maximum fluorescence intensity
occurred for the 3.47 torr tube, As shown in Table V the intensity
of the fluorescence from the 12,58 torr tube was, on the average, 292
of the 3.47 torr tube, The standard deviation for this percentage was
15.2%. A comparison of the ratio of the standard deviation to the average
percentage for tube two was .52 while that for tube three, .12, The
larger ratio for tube two may be due to absorption effects, Although
calipers were routinely used to ensure the distance "a" from a given
sample tube's front window to the observed fluorescing volume did not
charige from trial to trial, small errors in placement would have been
more critical for tube two because it contained the highest pressure and
therefore the highest absorption.

One of twelve photographs used to measure the radiative lifetime

of the (9+6) fluorescent transition is shown in Figure 31 below.

B
u
...
N
||
-

Figure 31. Effective Lifetime Measurement
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Using these photographs. the effective lifetimes listed in Table VI

Were determined.

Table VI Summary of Effect Lifetime Measurements

Pressure at (5 °C) Effective Lifetime
0,31 torr 27 + 4 nsec
3.47 torr 22 £ 3 nsec
12.58 torr 9 + 2 nsec

Equation (9) from the theory section can be used to relate the

effective lifetime Teff to T and quenching since the radiative

rad

lifetime Trad is the inverse of the Einstein A96 coefficient. Therefore,

1 -1
Toff = ( /‘rrad + Ay + Q) (30)

Assuming A9 remains relatively constant, the effective lifetime decreases
when quenching increases. If quenching is approximated as a linear
function of pressure, as in Equation (29), it becomes apparent that Toff
decreases with increasing pressure. This was exactly the relationship
observed in this experiment.

Figure 32 on the following page shows the Stern-Volmer plot used to
determine the radiative lifetime of the v'=9 level and the quenching

rate constant q. This plot is understood by considering Equation (30)

in the form

= qP + C (31)
eff
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Dl 2

where

1 ) 1

rad(946) rad(v‘-Q)

C = constant =

In the Stern Volmer plot, the values of the inverse effective lifetime
were plotted versus pressure, By taking a least squares fit line through
these data points the slope, m, or as Equation (31) shows the quenching
rate q, is determined. Using the quenching rate q = 6,3 x 106 secaltorr’
and Equation (29) the quenching rates in Table VII were determined for

each of the pressures used.

Table VII. Quenching Rates

N Pressure QuenChinf 09
(torr) (sec™l)
0,31 1.95 x 10°
3.47 21.9 x 10°
12,58 79.2 x 10°

The radiative lifetime of the v'=9 level is found by finding the
y intercept of the fitted line and taking its inverse. This results

in % 33 nsec.

T
rad(v.gg)

Self Absorption

The results of the self absorption measurement are shown in
Figure 33. Because the (9+6) normalized relative intensities of the (9*5)
through (9+1) transitions decreased with an increase in temperature

it can be concluded that self absorption is indeed occurring,
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VI Summary and Recqommendations

This thesis continued the investigation of the feasibility of
using laser induced fluorescence for Sz concentration measurements of
previous researchers, The ability to accurately measure S2 concentrations
would perwit quantitative measurements of pumping efficiencies and !
lasing strengths of this potentially tunable, high-power, laser gain
medium. The rate equation analysis of T. Robbins (Ref 16:11~30),
modeling transitions within the 332; - x32; system, was modified to
model the v'=9, v"=6 transition at 3214.6 2. Excitation spectra were
obtained over the range of 2890 to 2810 X clearly showing the v"=0,
v'=8 and v"=0, v'=9 absorption bands. Wavelengths corresponding to
the fluorescence maximum for the (9«0) and (8<0) excitation spectra were
determined. These wavelengths were then used while fluorescence scans
of the (8>1) through (8+24) and (9+1) through (9+25) were taken. After
these broad band spectra were identified fluorescence intensity of the
prominent peaks (8+4) and (9+6) versus excitation wavelength measurements
were made., Further investigationa of the (9+6) transition included
fluorescence intensity versus temperature, laser power measurements,
and pressure, effective lifetime measurements, and a quenching analvsis.
Data was generally taken at near 600°C to ensure a large percentage
of Sye Fluorescence intensity versus pressure measurements did, however,

reveal fluorescence intensities at 12,58 torr were on the average 292

that of the intensity at 3,47 torr.

Recommendations

Many experiments which were not possible before can now be performed
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J! on the upgraded equipment/system, Continued uge of this system for
concentration measurements using laser induced fluorescence should prove
fruicful. Specific recommendations for future research of the laser
Induced fluorescence technique include;

1. Installation of a Fabry-Perqt etalon to reduce
excitation beam linewidth, and therefore, increase resolution,

2, Secure an advanced model two channel boxcar integrator
would be useful when normalizing signals,

3. Incorporate stimulated emission and rotational effects into
the rate equation model to improve its accuracy,

4. Determine a method for taking excitation scans without beam
walking occurring’yet not use an ahsorbing filter,

5. Use sample tubes which allow the same pathlength from front
window to observed fluorescence volume to reduce absorption
effects,

6. Secure a calibrated source or detector for the ultraviolet
region.

7. Develop a method of heating and cooling the oven quickly. .

8. Use a quartz focusing lens to saturate the transition under
investigation.

9. Perform concentration measurements on a microwave or radiowave
produced discharge to ensure a more exact S2 percentage.
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